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Translation initiation in eukaryotes requires the interplay of at least 10 initiation factors that interact at the different
steps of this phase of gene expression. The interactions of initiation factors and related proteins are in general
controlled by phosphorylation, which serves as a regulatory switch to turn protein translation on or off. The
structures of initiation factors and a complete description of their post-translational modification (PTM) status are
therefore required in order to fully understand these processes. In recent years, mass spectrometry has
contributed considerably to provide this information and nowadays is proving to be indispensable when studying
dynamic heterogeneous protein complexes such as the eukaryotic initiation factors. Herein, we highlight mass
spectrometric approaches commonly applied to identify interacting subunits and their PTMs and the structural
techniques that allow the architecture of protein complexes to be assessed. We present recent structural
investigations of initiation factors and their interactions with other factors and with ribosomes and we assess the
models generated. These models allow us to locate PTMs within initiation factor complexes and to highlight
possible roles for phosphorylation sites in regulating interaction interfaces.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Eukaryotic Translation Initiation
Gene expression, in general terms, is the transfor-
mation of genetic information into gene products. In
most cases, this includes the transcription of deoxy-
ribonucleic acid (DNA) into messenger ribonucleic
acid (mRNA) followed by translation of mRNAs into
proteins. However, non-protein coding genes, encod-
ing for instance transfer RNAs (tRNAs) or small
nuclear RNAs (snRNAs), also exist and functional
RNA molecules are expressed in these cases
(reviewed in Ref. [1]). Protein translation passes
through initiation, elongation and termination phases
(for detailed mechanistic reviews, see Refs. [2] and
[3]). During translation initiation, the small and large
ribosomal subunits, together with tRNAs and co-fac-
tors, assemble into functionally active ribosomes
comprising the translation machinery.
There are fundamental differences between trans-
lation initiation in prokaryotes and that in eukaryotes:
(i) both domains of life have their own specific initiationAuthor. Published by Elsevier Ltd. Th
rg/licenses/by/4.0/).factors, (ii) initiator methionyl-tRNA in prokaryotes
is formylated (fMet-tRNAi
fMet) and (iii) the Shine–
Dalgarno sequence is the ribosomal binding site in
bacterial mRNA, whilst the AUG start codon, preced-
ed by the 5′ untranslated region, is the starting point of
protein biosynthesis in eukaryotes [3]. Translation
initiation is consequently a highly specific process,
which requires accurate regulation [4].
In eukaryotes, translation initiation is facilitated and
coordinated by several eukaryotic initiation factors
(eIFs) [5,6]. The process begins when eIF2 forms the
ternary complex with GTP and Met-tRNAi
Met, which
then delivers the Met-tRNAi
Met to the 40S ribosomal
subunit (Fig. 1). The ternary complex then assembles
on the 40S ribosome together with eIF1, eIF1A, eIF3
and eIF5 constituting the 43S pre-initiation complex.
This complex is then recruited to the 5′ end of the
mRNA after its activation by 7-methylguanosine
cap-binding protein eIF4E and related eIFs. Of these
eIFs, eIF4G acts as a bridge between eIF4E and the
poly(A) tail-binding protein and thus brings the 3′ andis is an open access article under the CC BY license
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Fig. 1 (legend on next page)
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This loop is thought to prevent termination events and
as a result keeps the mRNA in an activated state for
binding of the 43S pre-initiation complex [7]. After
attachment to the mRNA 5′ untranslated regions, the
48S pre-initiation complex starts to scan downstream
for an AUG start codon. Upon AUG recognition,
eIF2-bound GTP is hydrolysed and inorganic phos-
phate (Pi) is released. GTP hydrolysis and Pi release
are followed by displacement of assembled eIFs.
Joining of the 60S ribosomal subunit is then facilitated
by the GTPase eIF5B, which ensures correct position-
ing of Met-tRNAi
Met [8]. Recognition of Met-tRNAi
Met
initiates hydrolysis of bound GTP followed by dissoci-
ation of eIF5B from the translation machinery. The
functional ribosome is subsequently transferred to the
elongation phase (Fig. 1).
Protein synthesis is regulated during the steps of
translation initiation allowing thorough control of gene
expression. This regulation is usually effected by
attenuating interactions of the eIFs or by fine-tuning
interactions with mRNA via mRNA-binding proteins or
microRNAs (for review, see Ref. [6]).Well-understood
examples include translational control via reversible
phosphorylation of eIF2 or hyperphosphorylation of
eIF4E-binding proteins. In the former case, eIF2α is
phosphorylated on Ser51 by four mammalian kinases
(eIF2AK1–eIF2AK4); Gcn2 is the only eIF2 kinase in
yeast and is activated by starvation of certain amino
acids [9]. After GTP hydrolysis, during translation
initiation, eIF2 is released in complex with eIF5 [10].
The nucleotide exchange factor eIF2B then replaces
eIF5 and exchanges GDP for GTP. Phosphorylation
of eIF2α on Ser51 however causes tight binding of
eIF2B, abolishing eIF2B function and subsequently
reducing the concentration of available ternary com-
plex to start mRNA translation [11,12]. By contrast,
eIF4F formation is hindered by binding of hyperpho-
sphorylated eIF4E-binding proteins (eIF4EBP1–
eIF4EBP3) that prevent association with eIF4G and
subsequent activation of mRNA. eIF4E has also been
found to be a target of phosphorylation itself [13,14].
However, phosphorylation on Ser209 could not be
fully explained and both an increase and a decrease
in translational activity have been attributed to this
modified site [15,16].
To fully understand the mechanisms of translation
initiation and translational control, we require knowl-
edge of the structures and interactions of eIFs and
mRNA-binding proteins, as well as the factors that
affect them. The structures of some eIF subunits are
known but many eIFs consist of multiple compo-
nents, with little knowledge of their intact structures.Fig. 1. Translation initiation in eukaryotes. The multifactor c
assembles on the small ribosomal subunit to form the 43
pre-activated mRNA and subsequently starts scanning for an
GTP and dissociates together with other eIFs from the small
exchange on eIF2, which is dissociating in complex with eIF5Consequently, relatively few structures of multi-
subunit eIFs have been reported to date. Ideally,
both datasets should be obtained on the same
protein assembly to control for changes in subunit
interactions as a result of phosphorylation status or
other post-translational modifications (PTMs). Mass
spectrometry (MS) is one such approach that can
define PTMs and subunit stoichiometry and interac-
tions simultaneously on the same protein assembly.
Applications of MS have therefore contributed to
the functional and structural characterisation of a
number of complexes. Specifically, it has allowed the
identification of eIF subunits and mRNA-binding
proteins [17,18], their PTMs [19], protein–protein and
protein–RNA interactions [20–22] and the determi-
nation of protein stoichiometries and topologies in
subcomplexes [23]. In this review, we will explain
the techniques employed and provide a rationale
for their application to study translation initiation in
eukaryotes.MS of Biological Assemblies
MS involves the generation and analysis of ions in
the gas phase of a mass spectrometer and often their
fragmentation by induced dissociation. The develop-
ment of two “soft” ionisation techniques—ESI [24] and
MALDI [25,26]—enabled the analysis of peptides and
proteins, whichwas not possible under the rather harsh
ionisation conditions employed historically. As a result,
ESI and MALDI led to the introduction of various MS
techniques that are now frequently applied to proteins
ranging from their identification and quantification
through to the preservation and structural characteri-
sation of large protein–ligand assemblies.
Proteomics to Identify Proteins and PTMs
The possibility to transfer proteins and peptides into
the gas phase for MS analysis, together with the
knowledge of the genome and continuous improve-
ment of the instrumentation, nowadaysmakes protein
identification by MS almost routine. In “proteomics”
(i.e., the study of the proteome), MS usually involves
the analysis of peptides derived from proteins via
hydrolysis with trypsin. After hydrolysis, mass-to-
charge ratios (m/z) of intact peptides are determined
(MS experiment) followed by selection and fragmen-
tation of precursor ions to yield the peptide sequences
(MS/MS experiment). The proteins are then identified
by comparing the peptide mass and sequence with
in silico hydrolysed proteins in a database [27].omplex comprising eIF1, tRNA-bound eIF2, eIF3 and eIF5
S pre-initiation complex. This complex attaches to the
AUG start codon. After AUG recognition, eIF2 hydrolyses
subunit. eIF5B then facilitates subunit joining. Nucleotide
, is then catalysed by eIF2B. See the text for details.
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structure, active state and interactions with other
proteins. The discovery of an increasing number of
PTMs along with improvements in detection methods
have led to recognition of the increasing importance
of PTMs over the last decades. Similar to protein
identification, PTMs can be explored by studying
peptides obtained from protein hydrolysis. PTMs
represent chemical modification of amino acids and
therefore can be identified by a mass shift in the mass
spectra of peptides. Importantly, MS/MS experiments
allow the identification of modified sites, which is often
difficult to achieve by protein biochemical techniques.
In this way, a multitude of PTMs has been identified
[28], most prevalent amongst them are phosphoryla-
tion, acetylation and glycosylation. However, until
recently, detection was hampered by their low abun-
dance and the limited sensitivity of the MS instrumen-
tation. For phosphorylation, enrichment strategies
[29,30] and alternative fragmentation techniques [31]
have extended the number of known sites [32]. In other
cases, for instance, lysine acetylation, recent break-
throughs in high-resolutionMS improved their detection
and thus increased our understanding of alternative
PTMs [33,34].
In line with this course of developments, proteo-
mics has also proved indispensable when studying
protein complexes. Quantitative proteomics [35–
37], in particular, is well suited and can be utilised to
unravel large protein interaction networks, deter-
mine stoichiometries in macromolecular complexes
or monitor protein complex formation [38–40]. A
quantitative comparison is usually achieved by
introducing isotope labels into the proteins or
peptides allowing the distinction of mass spectral
intensities of different assembly states or interac-
tors [41].
Chemical and UV Cross-Linking
Chemical cross-linking is the covalent linkage of
amino acid side chains in close proximity using
bi-functional cross-linking reagents [42,43]. Cross-
linked amino acid residues and thereby protein
interaction interfaces are usually identified by
sequencing cross-linked di-peptides after protein
hydrolysis. However, a simple database search
cannot be employed as the “cross-links” originate
from different protein regions or subunits; purpose--
built software is therefore needed for their identifi-
cation [44–47]. Making use of a 1:1 mixture of stable
isotope-labelled cross-linkers yields peak pairs in
the mass spectra, facilitating their identification and
data evaluation [48]. Recent advances in instru-
mentation and data analysis tools have made cross-
linking a powerful tool in structural biology and
allowed the structural investigation of large protein
networks (e.g., see Refs. [49] and [50]) or the
generation of structural models by implementingdistance restraints into computational modelling
approaches [51,52].
Most commonly employed are lysine-specific
cross-linking reagents, although various alternative
reagents specific for different functional groups of
amino acid side chains are also possible [53]. These
cross-linking strategies, for instance, targeting acidic
residues [54], increase the information accessible,
particularly when basic lysine residues are less
abundant. Quantification of the intensities of cross-
linked peptides after incorporation of heavy stable
isotopes into the cross-linking reagents [55,56] or the
proteins [57,58] allows investigation of conforma-
tional changes in protein complexes [59] or the
interaction interfaces in defined oligomers [60,61].
To achieve this, two different states of a protein or a
protein complex are cross-linked separately with a
differentially labelled cross-linking reagent (e.g., a
non-deuterated and a deuterated form of the same
cross-linker, each to link one of the two states). After
cross-linking, the two samples are combined and
processed together. The ratios of the peak pairs
observed in the MS spectra can then be used to
conclude changes in protein interactions in the two
states [56]. Likewise, the proteins can be labelled
with heavy stable isotopes during cell growth and
different states of the proteins can be prepared from
unlabelled and labelled cells. These states can then
be cross-linked simultaneously and quantification
will be performed on the intensities of the peak pairs
in the MS spectra induced by the incorporated heavy
stable isotopes.
An alternative to chemical cross-linking is UV-
induced cross-linking that does not require the
addition of bi-functional reagents and that therefore
allows cross-linking of protein assemblies in the
natural buffer or even in vivo [62]. The procedure can
be applied to study both protein–protein [62] and
protein–RNA/DNA interactions [20,21]. UV protein
cross-linking typically requires the incorporation of
photo-reactive amino acid derivatives such as
p-benzoylphenylalanine or photo-methionine, leucine
or isoleucine [62]. Similar to chemical cross-linking,
the use of heavy stable isotope-labelled derivatives
increases their reliable identification [63]. In the case
of protein–RNA/DNA interactions, UV irradiation
causes excitation of the nucleobase that then forms
covalent bonds with amino acids in close proximity
[21]. Cross-linking is therefore a powerful approach to
identify binding sites and binding partners and to
monitor conformational changes in protein–ligand
complexes.MS of Intact Protein Complexes
Non-denaturing or “native MS”—as it is often
called—is the analysis of intact protein–ligand
assemblies in the gas phase of a mass spectrometer.
348 Review: Eukaryotic Translation InitiationIt reveals the composition, heterogeneity, stoichiom-
etry, topology and subunit interactions of intact protein
complexes [64,65]. Native MS covers a wide mass
range allowing detection of protein subunits through
to large protein assemblies in the same spectrum.
This makes it a powerful methodology for studying
dynamic equilibria or heterogeneous protein assem-
blies such as eIFs and complexes involved in
chaperone cycles [60,66–68].
A prerequisite, however, is to maintain protein
assemblies in their native state and to avoid unfolding
in the electrospray droplet or during transmission into
the gas phase. This is achieved primarily by using
volatile aqueous buffers such as ammonium acetate
[69] and adjusting the conditions of the mass
spectrometer to maintain non-covalent interactions
in the gas phase [70]. Employed in this way, native
MS has enabled the study of large protein assem-
blies such as ribosomes [71], viruses [72] and even
membrane-bound motors such as ATP synthases
[59,73]. Recent developments in instrumentation
make possible the acquisition of high-resolution
mass spectra revealing the PTM status and small-
molecule binding of intact protein complexes
[74,75].
Native MS has different attributes to proteomics in
that it allows the global PTM status of protein
complexes along with knowledge of interaction
interfaces through the generation of subcomplexes.
In comparison, proteomics has a greater sensitivity
than native MS, allows identification of individual
proteins and is able to locate PTM sites. Therefore,
an approach combining native MS with proteomics
in principle can deliver both PTM status and subunit
interactions in large, heterogeneous macromolecu-
lar assemblies that are difficult to characterise by
other structural techniques.ApplicationofMS toStudy theAssemblies
of Eukaryotic Translation Initiation
In the last decade, MS techniques have success-
fully contributed to provide insights into the structures
of eIFs, their interactions with other proteins and their
regulation by PTMs. Most importantly, the combina-
tion of complementary methods was particularly
insightful when studying eIFs since their dynamics
and heterogeneity render them hard to tackle by
conventional structural techniques. Recent examples
include eIF2 [76] and eIF3 [77,78] and the interactions
between eIF2 and the nucleotide exchange factor
eIF2B [23]. Phosphorylation was found to be an
important regulatory factor for translation initiation in
eukaryotes. In this regard, proteomics has made a
significant contribution to study these regulatory
pathways; it allowed not only the identification of
numerous phosphorylation sites but also the identifi-
cation of protein kinases involved in signallingcascades that effect cell growth, proliferation and
survival such as the mTOR proteins (for review, see
Ref. [79]).Phosphorylation as a Regulatory Switch
The major role of phosphorylation is regulation of
cellular events. Several decades ago, many eIFs were
identified as phosphoproteins [80] suggesting their
phosphorylation-dependent regulation. Early studies
therefore targeteddifferent eIFsona “small scale”, after
32P-labelling, for instance, by two-dimensional phos-
phopeptide mapping, phosphoamino acid analysis or
isoelectric focussing/SDS-PAGE [81–83]. MS was
often used in combination with these approaches to
identify the phosphorylated proteins or the phospho-
peptides. Although many phosphorylation sites could
be identified following these workflows, the recent
developments in proteomics and MS have increased
our knowledge of phosphorylation in translation initia-
tion dramatically [79].Many of the sites reported to date
consequently originate from so-called “large-scale
studies” of entire cells or organisms [84–87]. Inspection
of the PTM databases reveal a high number of
conserved sites across different species emphasising
their functional relevance†. For some of these sites, for
example, Ser51 in eIF2α [11,88,89] or Ser525 in
eIF2Bε [90], both involved in regulation of nucleotide
exchange in eIF2, a functional role could be deduced.
For other sites, contradictory information means that a
functional role remains elusive.
The most studied regulatory events in translation
initiation is phosphorylation of the eIF4 constituents (for
detailed overview, see Refs. [79] and [91]). Formation
of eIF4F (the eIF4A/E/G complex) is abrogated by
binding of eIF4EBPs to eIF4E, impeding binding of
eIF4G. Binding of eIF4EBPs and eIF4G is mutually
exclusive and is regulated by phosphorylation [92,93].
Whilst hypophosphorylated eIF4BPs bind eIF4E
strongly, their hyperphosphorylated analogues do not
bind. Phosphorylation consequently leads to progress
in translation initiation after pausing by eIF4EBPs.
Phosphorylation of eIF4EBP1, a member of the
eIF4EBP family, occurs on multiple sites and in a
consecutive manner. In this case, phosphorylation of
Thr37 and Thr46 is a priming event causing phosphor-
ylation of other residues and finally dissociation from
eIF4E [81,82].
In most of these studies, MS contributed to the
identification of the phosphorylation sites at the
different stages during translational control. However,
bringing together the PTMs identified and the struc-
tures of eIFs adds valuable insights into their possible
functional roles. Structural models of eIFs have been
established and recent studies place PTMs into these
models to link function and regulation with the
structural arrangement of subunits in eIFs. Recent
examples will be discussed in the following sections.
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between eIF2 and eIF2B
eIF2 is an important control point during translation
initiation. There are no crystal structures of the intact
human or yeast complex, although structural insights
were obtained for the archaeal analogue aIF2 [94].
Using these structures as a template allowed
generation of homology models for the yeast
subunits and their alignment within the intact
complex [76,95]. MS confirmed a 1:1:1 stoichiometry
of the three subunits, revealedweak association of the
β-subunit and, combined with chemical cross-linking,
described inherent flexibility within the complex. A
more rigid arrangement of the three subunits was
deduced following tRNA binding (Fig. 2A) [76].
eIF2B, the nucleotide exchange factor of eIF2, was
also investigated. Most importantly, MS of the intact
eIF2B revealed an unexpected stoichiometry of
2:2:2:2:2 for the five protein subunits in both the
yeast [23] and the human [96] complexes (Fig. 2B).
Chemical cross-linking and covalent labelling together
with deletion of distinct subunits and biochemical
approaches provided first insights into the architec-Fig. 2. eIF2 and eIF2B complexes and their PTMs. (A) Hom
homologues. tRNA binding to eIF2 was studied by comparativ
after tRNA binding as indicated by reduced cross-linking inte
decameric complex (dark blue). The eIF2B complex (light blu
likely peripheral [23]. (C) Phosphosites (blue) and acetylation
eIF2 [76]. (D) Clustering of phosphosites was observed for suture of this factor [23]. This first model of eIF2B
showed how a symmetric dimer of the five subunits
could be built [23,95]. The presence of duplicate
subunits, in this complex however, makes the
arrangement of the single protein subunits in the
correct topology difficult and other models can
therefore not be discounted.
Interactions between eIF2 and eIF2B were also
studied. A stable eIF2B–eIF2 complex could not be
observed by native MS suggesting that interactions
between these two initiation factors are transient.
Nonetheless, chemical cross-linking provided first
insights into the protein interactions formed during
nucleotide exchange and revealed an elongated
conformation of eIF2 making contact with the
catalytic domain of eIF2B-ε, presumably to facilitate
nucleotide exchange [23]. Placing novel PTMs and
sites available from databases into the models and
sequences of eIF2 (Fig. 2C) and eIF2B (Fig. 2D)
subunits revealed clustering of PTMs at interaction
interfaces and in unstructured regions suggesting
regulation of nucleotide exchange by interactions
between the two factors in a phosphorylation-
dependent manner [76].ology models of yeast eIF2 were aligned with the archaeal
e cross-linking and shows that flexibility of eIF2 is reduced
nsities [76]. (B) Mass spectrum of yeast eIF2B reveals a
e) reveals that subunit α has dissociated and is therefore
sites (cyan) were located on the homology model of yeast
bunits γ and ε of yeast eIF2B [76].
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eIF3 is the largest of the eIFs and represents a
docking site for other factors during formation of the
43S pre-initiation complex. It contains 13 subunits
in human (eIF3a–eIF3m) and 6 subunits in yeastFig. 3. Human and yeast eIF3 studied by MS. (A) MS of the
strength designed to disrupt non-covalent interactions reveale
topology of the intact complex [102]. (B) Phosphosites were
represent the subunits divided into interaction domains (white)
(rhs) [78]. Phosphosites available in PTMfunc database
(Beilsten-Edmands, Schmidt, Robinson, unpublished results
with more than three phosphosites are labelled. eIF3 is highly p
one “face” of the complex.(eIF3a–eIF3c, eIF3g, eIF3i and eIF3j) [97,98]. Many
interactions are thought to be conserved in both
organisms suggesting that they share a common
core [99]. Structural insights have been found from
two electron microscopy structures of the human
complex showing a five-lobed particle binding to theintact human complex under conditions of increasing ionic
d stable interaction modules that allowed models for the
identified in all yeast eIF3 subunits and in eIF5. The bars
used previously to generate a coarse-grained eIF3 model
(black), literature (cyan) [84,106] and a novel site
; red) are shown. Domains in the coarse-grained model
hosphorylated in domains in close proximity to eIF5 and on
351Review: Eukaryotic Translation Initiation40S ribosome on the opposite site of the 60S subunit
[100,101].
MS has contributed to the structural investigation of
both yeast and human eIF3. The human eIF3 complex
contains many additional protein subunits when
compared with the yeast analogue. MS of intact eIF3
revealed that all 13 subunits are present at unit
stoichiometry [98,102]. An early study identified several
PTMs (including 29 phosphorylation sites) and periph-
eral subunits [98]. The eIF3 complex appeared to be
markedly stable with three interaction modules identi-
fied through increasing ionic strength. These experi-
ments allowed generation of a comprehensive
interaction map of this large protein complex
(Fig. 3A). A direct comparison with the yeast complex
revealed analogous interactionswithin the two species.
Binding of HCV IRES RNA further stabilised eIF3 and
MS/MS experiments uncovered protein subunits that
are in contactwith IRES [102]. Themodel obtainedwas
further refined using limited proteolysis and MS to
reveal additional protein subunits that are involved in
HCV IRES binding [103].
A protein interaction network of the yeast complex
was recently established using biochemical methods
and provided the first insights into domain interactions
[104]. Native MS revealed several interaction modules
and a stable association of eIF5 [78]. A protein
interaction network could be established by chemical
cross-linking. Integrating this information using a
three-dimensional modelling approach allowed gener-
ation of amodel of the yeast eIF3 in complex with eIF5,
at the domain level, corresponding to a globular
complex with at least one elongated module [78].
Combining native MS, chemical cross-linking and
computational modelling thus provided a first glimpse
on the yeast eIF3 topology (Fig. 3B) [78].
A recent quantitative study reported the relevant
phosphorylation sites in human eIF3 protein subunits
[105]. Here, we investigated phosphorylation in the
yeast complex. Combining sites available in data-
bases with previously published sites [84,106] shows
that eIF5 and all eIF3 subunits carry multiple
phosphorylation sites (Fig. 3B). Locating these sites
in our coarse-grained model obtained previously [78]
reveals that eIF3 is highly phosphorylated in close
proximity to eIF5 suggesting that interactions between
these two eIFsmight bemediated by phosphorylation.
This phosphorylation “face” of eIF3 furthermore
implies that these sites might be regulatory sites that
are involved in structural changes when binding to the
ribosome.Assemblyof theRibosome—TheCatalytic
Centre of Translation
Having establishedmodels for many of the eIFs, the
next stage is to assemble these on the ribosome—the
catalytic centre of translation. The ribosome assem-bles during translation initiation from a small subunit
and a large subunit with the help of many eIFs (Fig. 1).
Coincidentally, the ribosome was one of the first
intact particles for which mass spectra were
recorded some two decades ago [71]. These early
spectrawere acquired for ribosomes fromEscherichia
coli [71], yeast Saccharomyces cerevisiae [107] and
thermophilic bacteria Thermus thermophilus (Fig. 4A)
[108]. These experiments prompted investigations
of the dynamic stalk complexes, located on the side
of the large ribosomal subunits, readily observable
in mass spectra and implicated in recruitment of
translation factors to ribosomes. Interestingly, ribo-
somes from different species were found to have
different stoichiometries of stalk proteins [107,108]
with pentameric stalk complexes in eukaryotes
and mesophilic bacteria, as well as heptameric
stalk complexes in thermophilic bacteria. Surpris-
ingly, however, mesophilic archaea showed mixed
populations of stalk complexes with different stoi-
chiometries (pentameric or heptameric) dependent
on their cell growth conditions (Fig. 4B) [109]. A
similar study, employing computational analysis and
quantitative MS-based proteomics, predicted stalk
protein stoichiometries for over 1200 species and
thus allowed tracing back the evolution of stalk
complexes of the ribosome [110].
Assembling eIFs on ribosomes is extremely chal-
lenging given the complexity and heterogeneity of the
resulting complexes but is facilitated by the many
high-resolution structures of ribosomes, including
recent structures from yeast [111]. With the use of
the 40S structure from yeast, a recent landmark study
uncovered the molecular architecture of the yeast
40S⋅eIF1⋅eIF3 translation initiation complex [77].
Crystal structures of eIF3 subunits, together with
electron microscopy, chemical cross-linking and
integrative structural modelling revealed an extended,
modular arrangement of eIF3 subunits on the 40S
ribosome (Fig. 4C) providing a platform for the
recruitment and assembly of the translation initiation
machinery [77].Summary and Outlook
It is apparent from these studies that MS, over the
last decades, has contributed significantly to the
elucidation of the structures of ribosomes and eIFs.
The capability to analyse heterogeneous assemblies
with respect to subunit composition and PTM status
fulfils a niche requirement in structural biology enabling
the study of large, heterogeneous and transient protein
assemblies.
From these studies, many models have been
generated. However, it has to be remembered that
the quality of models always depends on the input
data—the modelling restraints obtained from the
experiments—and is restricted by the experimental
Fig. 4. Mass spectra of intact ribosomes. (A) The mass spectrum shows intact 70S ribosomes, as well as 50S and 30S
subunits from T. thermophilus [108]. The 53+ charge state of the 30S subunit (highlighted in blue) was selected for MS/MS
causing loss of the peripheral subunit S6 (i). (B) Mesophilic archaea showed mixed populations of stalk complexes with
different stoichiometries pentameric and heptameric (green and red) [109]. (C) Model of the yeast 40S⋅eIF1⋅eIF3 translation
initiation complex derived from chemical cross-linking, electron microscopy and X-ray structures [77].
352 Review: Eukaryotic Translation Initiationdata available at the time. If the experimental outcome
is not adequate, with insufficient unambiguous cross-
links, for example, the modelling will be ineffective.
In this regard, the modelling of protein assemblies
without high-resolution structures, as well as the
modelling of protein complexes that are symmetric
with multiple copies of the same subunits, must be
treated with caution since it may not lead to unique
solutions. In the latter cases, the subunits cannot be
distinguished and therefore render the modelling
procedure ambiguous. Further development of instru-
mentation combinedwith structural insights fromother
techniques will deliver novel insights, and with this
complementary information, models can be refined
accordingly.
Nonetheless, models of eIFs have yielded impor-
tant first insights into the interactions of eIF subunits
and their assembly on the ribosome: specifically, the
yeast eIF3 in complex with eIF5 (Fig. 3B [78]) or the
small ribosomal subunit (Fig. 4C [77]). These two
models, both of which do not include high-resolution
structures, provide novel insights into the interac-
tions within yeast eIF3. The “free” eIF3–eIF5
complex adopts a compact formation in solution
whilst ribosome-bound eIF3 is elongated. This
difference in the overall arrangement can very likely
be ascribed to the different functional states of eIF3.
When comparing the two models in detail, it
becomes apparent that the core interactions in thetwo states are maintained. The basic interaction
modules, eIF3a–eIF3c and eIF3b–eIF3g–eIF3i,
were observed in both studies and consequently
included in both models. More precisely, several
binary interactions (e.g., between the N-terminal
domain of eIF3b and the C-terminal domain of
eIF3a) are implemented in the two eIF3 models.
Interestingly, the basic modules and most likely the
binary interactions are also present in human eIF3
once more suggesting that the human and yeast
complexes share a common core.
Overall, these models derived from MS data, and
in many cases complemented with other structural
data, prove valuable when studying complex pro-
cesses such as translation initiation. Given the
possible elongation on binding of eIF3 to the
ribosome, it is interesting to speculate that the
phosphorylated “face” derived for our eIF3 model
remains exposed upon complex formation with the
ribosome and is therefore likely poised for interact-
ing with further eIFs during formation of the 43S
pre-initiation complex. In this regard, these models
prompt many further MS experiments to define not
only the subunit interactions within larger com-
plexes, such as the 43S, but also the role of
phosphorylation in the assembly and control of
these essential complexes. The continuous devel-
opment of new MS techniques and instrumentation
will likely continue to contribute to these studies.
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